Viral fusogenic membrane proteins have been proposed as tools to increase the potency of oncolytic viruses, but there is a need for mechanisms to control the spread of fusogenic viruses in normal versus tumor cells. We have previously shown that a mutant of the paramyxovirus simian virus 5 (SV5) that harbors mutations in the P/V gene from the canine parainfluenza virus (P/V-CPI ؊ ) is a potent inducer of type I interferon (IFN) and apoptosis and is restricted for spread through normal but not tumor cells in vitro. Here, we have used the cytopathic P/V-CPI ؊ as a backbone vector to test the hypothesis that a virus expressing a hyperfusogenic glycoprotein will be a more effective oncolytic vector but will retain sensitivity to IFN. A P/V mutant virus expressing an F protein with a glycine-to-alanine substitution in the fusion peptide (P/V-CPI ؊ -G3A) was more fusogenic than the parental P/V-CPI ؊ mutant. In two model prostate tumor cell lines which are defective in IFN production (LNCaP and DU145), the hyperfusogenic P/V-CPI ؊ -G3A mutant had normal growth properties at low multiplicities of infection and was more effective than the parental P/V-CPI ؊ mutant at cell killing in vitro. However, in PC3 cells which produce and respond to IFN, the hyperfusogenic P/V-CPI ؊ -G3A mutant was attenuated for growth and spread. Killing of PC3 cells was equivalent between the parental P/V-CPI ؊ mutant and the hyperfusogenic P/V-CPI ؊ -G3A mutant. In a nude mouse model using LNCaP cells, the hyperfusogenic P/V-CPI ؊ -G3A mutant was more effective than P/V-CPI ؊ at reducing tumor burden. In the case of DU145 tumors, the two vectors based on P/V-CPI ؊ were equally effective at limiting tumor growth. Together, our results provide proof of principle that a cytopathic SV5 P/V mutant can serve as an oncolytic virus and that the oncolytic effectiveness of P/V mutants can be enhanced by a fusogenic membrane protein without compromising sensitivity to IFN. The potential advantages of SV5-based oncolytic vectors are discussed.
A number of paramyxoviruses have shown promise as oncolytic vectors for tumor therapy, including measles virus, mumps virus, Sendai virus, and Newcastle disease virus (15, 30, 34, 36, 42, 51) . The goal of the work described here was to define the relative oncolytic potential of cytopathic and hyperfusogenic mutants of the paramyxovirus simian virus 5 (SV5).
Many paramyxoviruses that are being developed as oncolytic vectors have the inherent property of causing extensive cytopathic effects (CPE) and inducing apoptotic cell death (15, 28, 30, 37) . By comparison, SV5 has the unusual property among paramyxoviruses of being largely noncytopathic in most epithelial and fibroblast cell types (39, 49) and thus would not be expected to have inherent oncolytic properties. Noncytopathic wild-type (WT) SV5 can be converted into a virus that induces apoptosis by engineered substitutions in the viral P/V gene (11, 54) . The SV5 P/V gene encodes the phosphoprotein P and the accessory protein V (31) , which share an identical 164-residue amino-terminal domain (the shared P/V region) but have unique C-terminal domains. The P protein is an essential subunit of the viral RNA-dependent RNA polymerase (31) . The V protein contains a highly conserved cysteine-rich zinc-binding domain that is required for many V-associated functions. V protein is thought to function in the regulation of viral RNA synthesis (33) but also has additional roles in counteracting host cell antiviral responses (reviewed in reference 18). These functions include blocking type I interferon (IFN) signaling by targeting STAT1 for degradation (10) and inhibiting IFN-␤ gene expression through binding to mda-5 (7) . An SV5 mutant with substitutions in the shared region of the canine parainfluenza virus P/V genes (P/V-CPI Ϫ ) (Fig. 1A ) overexpresses viral RNA and protein, is a potent inducer of IFN-␤ and proinflammatory cytokines, cannot block IFN signaling, and induces cell death (11, 54) . Here, we have tested the oncolytic potential of this P/V-CPI Ϫ mutant in human prostate cancer cells. Viral fusogenic membrane glycoproteins (FMGs) have been investigated as new tools to promote killing of tumor cells through cell-cell fusion (2) . For example, oncolytic strains of adenovirus (17, 24, 25, 26) , vesicular stomatitis virus (VSV) (14, 46) , and herpes simplex 1 virus (24, 25) that have been engineered to express paramyxovirus FMGs show increased oncolytic efficacy in tissue culture and rodent model systems. Additionally, FMG expression by viral vectors in combination with chemotherapy treatments can have synergistic oncolytic effects in models of colon and pancreatic cancer (24, 26) . Importantly, these fused cells can ultimately die through pathways that have properties of necrosis (3) . This type of cell death has advantages for tumor therapy, since necrotic cells are known to induce potent inflammatory responses that could aid in immune-mediated tumor clearance (16, 35) . Similarly, tumor cells that may have lower potential for apoptotic cell death should still be sensitive to killing through cell-cell fusion.
The paramyxovirus fusion protein F is an excellent candidate as a viral FMG since efficient cell-cell fusion occurs at neutral pH, fusion is catalyzed by a single protein with a relatively simple structure, and F fusion activity is controlled by proteolytic cleavage (31, 32) . During the entry process, the paramyxovirus F protein fuses the virion lipid bilayer with the plasma membrane (31) to release the nucleocapsid structure into the cytoplasm. The F protein also promotes fusion of an infected cell that is expressing cell surface F protein with a neighboring cell, resulting in multinucleated syncytia. F protein is synthesized as a fusion-inactive precursor F o which is cleaved during transport to the cell surface to yield F 1 and F 2 (Fig. 1B) . For the SV5 F protein, cleavage occurs by a furin-like cellular protease at a single site composed of a stretch of Arg residues (40) , and this exposes the fusogenic peptide responsible for membrane fusion (reviewed in references 31 and 32). This cleavage requirement for fusion activity has been exploited to generate recombinant viruses where F protein is engineered with sites for activation by tumor-selective proteases (30, 47) .
FIG. 1. Incorporation of the G3A mutation into the F protein of P/V-CPI
Ϫ results in a virus with a hyperfusogenic phenotype. (A) Schematic of viruses used in this study. The genome structure of SV5 is shown with addition of the GFP gene between HN and L as described previously (20) . Arrows indicate WT and mutant P/V and F genes occurring in rSV5-GFP, P/V-CPI Ϫ , and P/V-CPI Ϫ -G3A recombinant viruses. (B) Location of G3A mutation. The SV5 F protein is shown schematically as F 1 and F 2 subunits with the amino acid sequence at the proteolytic cleavage site. The location of the G3A substitution in the fusion peptide (hatched box) is indicated (adapted from Lamb et al. [32] ). (C) P/V-CPI Ϫ -G3A is hyperfusogenic. BSR-T7 cells were mock infected or infected at an MOI of 0.05 with rSV5-GFP, P/V-CPI Ϫ , or P/V-CPI Ϫ -G3A, and microscopy pictures were taken at 48 h p.i. (D) Quantitative fusion assay. BSR-T7 cells were mock infected or infected at an MOI of 5 with rSV5-GFP, P/V-CPI Ϫ , or P/V-CPI Ϫ -G3A. At 21 h p.i., infected cells were overlaid with Vero cells that had been previously transfected with the pEMCLuc␤bA n plasmid, which encodes luciferase under the control of a T7 promoter. At 8 and 16 h postoverlay (po) luciferase activity was measured as the relative increase over mock-infected cells. Results are the average of three transfections, with error bars representing standard deviations.
SV5 F protein mutants have been described that contain single Gly-to-Ala substitutions in the fusion peptide (27) , resulting in hyperfusogenic F mutants that induce massive cellcell fusion when they are expressed in cells by heterologous vectors. Positions 3, 7, and 12 within the fusion peptide appear to be particularly sensitive to the Gly substitutions (Fig. 1B) . Here, we have exploited the properties of a previously described SV5 F protein with a Gly-to-Ala substitution in the third position of the fusion peptide (G3A) (27) to test the hypothesis that a hyperfusogenic glycoprotein will enhance tumor cell killing by an oncolytic SV5 vector.
Many viruses naturally show preferential replication in tumor versus normal cell types (reviewed in references 4 and 45). During the transformation process, tumor cells can accumulate specific defects in IFN pathways that contribute to resistance to the antiproliferative effects of IFN (13, 55, 56) , and it is proposed that this also confers increased susceptibility to viral infection (4). Thus, it was hypothesized that oncolytic viruses could be engineered for greater selectivity for replication in tumor cells by engineering viruses to induce a strong IFN response and/or be defective in blocking IFN signaling (48) . Thus, virus replication would be crippled in normal cells while replication would be unhindered in tumor cells that contain defects in these pathways (48) .
Given the ability of paramyxoviruses to spread and kill through cell-cell fusion and the emphasis on IFN as a natural mediator of selectivity for tumor versus normal cells, an important question to address is whether viral vectors with FMGs would still be restricted for spread by IFN. From a safety point of view, engineering viruses for enhanced killing through cellcell fusion would be an advantage only if the vector had properties that restricted replication to tumor cells and not normal cells. Here, we have addressed this question by testing the hypotheses that the IFN-inducing SV5 mutant P/V-CPI Ϫ can serve as an oncolytic vector and that increasing the fusogenic activity of this virus does not compromise IFN sensitivity. Our results have general implications for the design of more effective and safer paramyxovirus-based vectors, as well as nonparamyxovirus vectors that are engineered to kill tumor cells through FMGs with enhanced fusion activity.
MATERIALS AND METHODS
Cells, viruses, and growth analysis. Cultures of LNCaP, DU145, and PC3 cells were grown in RPMI medium containing 10% fetal bovine serum (FBS). Vero cells were grown in Dulbecco's modified Eagle's medium (DMEM) containing 10% FBS. BSRT7/5 (5) cells were kindly provided by K. Conzelmann (University of Munich) and Robert A. Lamb (Northwestern University) and were cultured in DMEM containing 10% FBS supplemented with 1 mg/ml G418 every other passage. A recombinant SV5 (rSV5) expressing green fluorescent protein (GFP) was recovered as described previously (20) from a cDNA plasmid provided by Robert Lamb (Northwestern University) and Bio He (Pennsylvania State University). The recovery and growth properties of rSV5 expressing herpes simplex virus thymidine kinase (rSV5-TK) and P/V-CPI Ϫ have been previously described (39, 54) . The P/V-CPI Ϫ -G3A F protein mutation was engineered into the backbone of the rSV5 P/V-CPI Ϫ using standard molecular biology techniques and was recovered as described previously (39) . Details are available upon request. For tumor studies, virus was purified as described previously (6) by centrifugation through a glycerol cushion (5 h at 25,000 rpm; SW28 rotor), and virus pellets were resuspended in a small volume of DMEM containing 0.75% bovine serum albumin (BSA).
Fluorescence microscopy and MTS viability assays. Fluorescence microscopy was performed using a Nikon Eclipse fluorescence microscope and a 20ϫlens as described previously (54 Modified BSR-T7 fusion assay. Cell-cell fusion was quantified by a modification of an assay described previously by Nussbaum et al. (38) . Briefly, 50% confluent, six-well dishes of BHK cells that constitutively express the T7 RNA polymerase (BSR-T7 cells) (5) were mock infected or infected with the WT rSV5-GFP, P/V-CPI Ϫ , or P/V-CPI Ϫ -G3A viruses at a multiplicity of infection (MOI) of 5. At 21 h postinfection (p.i.), cells were washed with phosphatebuffered saline (PBS) and overlaid with 10 5 Vero cells that had been transfected 12 h previously (6 g of DNA per 5 ϫ 10 6 cells) using FuGene 6 reagent with pEMCLuc␤bA n , a plasmid encoding an internal ribosome entry site-luciferase gene under the control of the T7 promoter (9) . At 8 and 16 h after overlay, cells were washed with PBS and lysed in reporter lysis buffer (Promega), and luciferase activity was determined on a TD-20/20 luminometer.
IFN-␤ ELISA and IFN antibody neutralization. Medium from mock-infected or infected cells was collected, clarified for 3 min at 13,000 rpm, and then assayed using an IFN-␤ enzyme-linked immunosorbent assay (ELISA) kit according to manufacturer's instructions (PBL Biomedical Laboratories). In experiments involving neutralization of IFN, neutralizing antibodies against IFN-␣ (Millipore MAB411) and IFN-␤ (Chemicon International AB1431) were included in medium during infections at final concentrations of 5,000 neutralizing units/ml for each antibody. Control neutralizing tumor necrosis factor alpha antibody (Biosource AHC3812) was used at a final concentration of 10,000 neutralizing units/ml.
LNCaP and DU145 xenograft implantation and virus injection. Male, nude mice 8 to 10 weeks of age were implanted subcutaneously with 4 ϫ 10 6 tumor cells in 100 l of Matrigel (for LNCaP cells; BD Biosciences) or RPMI medium (for DU145 cells). Palpable tumors were allowed to form, and then mice were randomly separated into three groups for treatment with PBS, P/V-CPI 
RESULTS
An rSV5 with a G3A substitution in the fusion peptide shows enhanced cell-cell fusion. It has previously been shown that a glycine-to-alanine substitution in position 3 of the SV5 F protein fusion peptide (G3A) increased the ability of this protein to mediate cell-cell fusion when expressed from non-SV5-based vectors (27, 44) . We hypothesized that expression of the G3A F protein in the context of an rSV5 would also result in a virus with hyperfusogenic properties. To test this, the G3A F protein mutant was engineered into the P/V-CPI Ϫ genome ( Fig. 1A and B), and virus (P/V-CPI Ϫ -G3A) was recovered from cDNA (20) . As shown in Fig. 1A , P/V-CPI Ϫ -G3A also contains a GFP gene inserted between the HN and L genes. WT rSV5 harboring the G3A mutation was not analyzed as WT virus is largely noncytopathic, and the goal of this study was to evaluate the cytopathic P/V-CPI Ϫ mutant in tumor reduction.
Infection with the P/V-CPI Ϫ -G3A mutant virus resulted in larger pockets of cell-cell fusion than with either WT rSV5-GFP or the parental P/V-CPI Ϫ virus. This is evident in the microscopy pictures in Fig. 1C taken at 48 h after infection of BHK-derived cells with rSV5-GFP, P/V-CPI Ϫ , or P/V-CPI Ϫ -G3A at low MOIs. A luciferase-based assay was used to quantitate cell-cell fusion by a modification of the approach described by Nussbaum et al. (38) . BSR-T7 cells that constitutively express the bacteriophage T7 polymerase (5) were mock infected or infected at an MOI of 5 with rSV5-GFP, P/V-CPI were overlaid with Vero cells that had been transfected 12 h previously with a plasmid encoding a luciferase gene under the control of the T7 promoter. At 8 and 16 h after overlay, lysates were harvested, and luciferase activity was measured as a readout for F-mediated cell-cell fusion of the transfected Vero cells with infected BSR-T7 cells (Fig. 1D ). Mock-infected cells and cells infected with rSV5-GFP and P/V-CPI Ϫ showed very low levels of luciferase activity at 8 h postoverlay (po), with luciferase activity at 16 h po. being slightly increased for P/V-CPI Ϫ samples. In contrast, samples from cells infected with the G3A mutant virus showed luciferase activity that was much higher than that of P/V-CPI Ϫ at both 8 and 16 h po. Taken together, these data indicate that introduction of the G3A F protein mutation into the P/V-CPI Ϫ backbone results in a virus with hyperfusogenic properties.
Growth and cell-killing properties of the hyperfusogenic P/V-CPI ؊ -G3A mutant in cells that do not produce IFN. To determine the spread of the G3A mutant through a cell population, Vero cells were mock infected or infected at an MOI of 0.05 with rSV5-GFP, P/V-CPI Ϫ , or P/V-CPI Ϫ -G3A, and microscopy pictures were examined at 24, 48, and 72 h p.i. As shown in Fig. 2A , rSV5-GFP virus spread through the cell population slowly, and most cells were infected by 72 h p.i. The P/V-CPI Ϫ virus spread through Vero cells faster than WT virus, and nearly all cells were dead by 48 h p.i., as described previously (53) . For the hyperfusogenic mutant virus, large syncytia were evident by 48 h p.i., and the fused monolayer of P/V-CPI Ϫ -G3A-infected cells remained intact longer than cells infected with P/V-CPI Ϫ before eventually lysing. Thus, both of the P/V mutant viruses spread through Vero cells faster than WT virus and effectively kill cells.
The above data with Vero cells which do not produce IFN raised the question of whether spread of the hyperfusogenic virus would be limited by IFN treatment. To test this, Vero cells were mock treated or treated with 100 or 1,000 units of universal type I IFN for 24 h prior to mock infection or infection at low MOIs. At 30 h p.i, GFP expression was monitored by microscopy as an assay for virus spread through the population. In the absence of IFN treatment, more cells were infected with the P/V-CPI Ϫ and P/V-CPI Ϫ -G3A mutants than with rSV5-GFP (0 IFN samples) (Fig. 2B) , and P/V mutantinfected cells showed higher levels of GFP fluorescence, as described previously (54) . For all viruses, there was a dosedependent decrease in the number of GFP-positive cells with increasing levels of IFN pretreatment. Most importantly, the increased levels of fusion seen with the G3A mutant were greatly decreased by IFN pretreatment, and there was no substantial difference in IFN sensitivity compared to the parental P/V-CPI Ϫ virus. To quantitate the relative ability of the fusogenic G3A mutant to kill cells, Vero cells were mock infected or infected at increasing MOIs of 0.05, 1, and 10 with rSV5-GFP, P/V-CPI Ϫ , or P/V-CPI Ϫ -G3A, and cell viability was measured at 24-h intervals by an MTS assay. As seen in Fig. 3 , cells infected with WT rSV5-GFP did not show a major loss of viability at any MOI or time tested, and viability was always between ϳ80 to 110% of mock-infected cells, as described previously (12) . Cells infected with P/V-CPI Ϫ virus showed a very rapid loss of viability down to ϳ20% of mock-infected cells, and this was largely independent of the MOI. The kinetics of cell killing by the fusogenic G3A virus was similar to that of P/V-CPI Ϫ , with the exception of the results at 48 h p.i at an MOI of 0.05. In this sample, cell viability remained high for cells infected with the G3A mutant, and this was consistent with the microscopy pictures of Fig. 2C above showing giant syncytia that had not yet lysed.
We have previously described the properties of an rSV5 vector that expresses herpes simplex TK (39) , an enzyme that converts the nontoxic prodrug ganciclovir (GCV) to a drug that kills cells. Cells infected with rSV5-TK are efficiently killed but only when exposed to GCV. To define the relative ability of our SV5 vectors to kill cells, the viability of Vero cells infected with P/V-CPI Ϫ and P/V-CPI Ϫ -G3A was compared to cells infected with the rSV5-TK virus with or without GCV. As shown in Fig. 3 , loss of viability for cells infected with the rSV5-TK virus was time and MOI dependent only in the presence of GCV, as described previously (39) . Both the kinetics and the extent of cell killing by rSV5-TK were reduced compared to results with either of the P/V mutant vectors. Together, these data indicate that cell killing by the hyperfusogenic G3A mutant is similar to that of the parental P/V-CPI Ϫ virus in IFN-deficient Vero cells and that the cytopathic vectors based on P/V gene mutants are more effective at cell killing than the previously described rSV5-TK virus.
Growth properties of P/V-CPI ؊ -G3A in human prostate cancer cell lines that differ in production of IFN. Since the above data in Vero cells indicated that both the hyperfusogenic and parental P/V-CPI Ϫ viruses were sensitive to IFN, we examined the role of IFN in limiting virus growth in LNCaP, DU145, and PC3 cells, three well-established prostate tumor cell lines. To quantitate the amount of IFN produced following infection of these three cell lines, LNCaP, DU145, and PC3 cells were mock infected or infected at an MOI of 10 with rSV5-GFP, P/V-CPI Ϫ , or P/V-CPI Ϫ -G3A, and IFN-␤ levels were measured at 24 h p.i. by ELISA (Fig. 4A) . In LNCaP cells, there was no significant IFN-␤ released following infection with any virus tested, and only moderate amounts (96 and 59 pg/ml) were released from DU145 cells infected with the P/V-CPI Ϫ and P/V-CPI Ϫ -G3A mutants, respectively. PC3 cells produced 228 and 254 pg/ml of IFN-␤ in response to infection with P/V-CPI Ϫ and P/V-CPI Ϫ -G3A, respectively. To determine multistep growth properties in these cell lines, LNCaP, DU145, and PC3 cell lines were infected at an MOI of 0.05, and medium was harvested to assay infectious virus by plaque assay. As shown in Fig. 4B and C, the hyperfusogenic P/V-CPI Ϫ -G3A mutant showed growth kinetics and titers similar to those of P/V-CPI Ϫ in both LNCaP and DU145 cell lines, and both viruses grew to titers higher than WT at early time points. Virus growth in PC3 cells differed from the other two prostate cell lines. As shown in Fig. 4D , PC3 cells infected with rSV5-GFP showed a steady increase in virus production out to 72 h p.i. In contrast, cells infected with the P/V-CPI Ϫ virus showed an initial burst of progeny virus at 24 h p.i., but virus production did not increase further, as shown previously for A549 cells (54) . The hyperfusogenic P/V-CPI Ϫ -G3A virus also displayed an initial burst of virus growth but differed by reaching a plateau ϳ2 logs below the level of P/V-CPI Ϫ (Fig. 4D ) in PC3 cells. Thus, of the three prostate tumor cell lines tested here, only PC3 cells showed a striking difference in growth at low MOIs between the hyperfusogenic and parental P/V-CPI Ϫ mutants.
The above results on the differential ability of infected pros- (Fig. 4A) suggested the hypothesis that IFN contributed to growth restriction of P/V-CPI Ϫ and P/V-CPI Ϫ -G3A in PC3 cells. To test this, PC3 cells were mock infected or infected at an MOI of 0.05 with the parental P/V-CPI Ϫ or P/V-CPI Ϫ -G3A viruses, and replacement medium was supplemented with an excess of neutralizing antibodies against IFN-␣ and IFN-␤. Microscopy pictures were taken at 24-h intervals to monitor viral spread and CPE, and medium was collected to monitor virus growth. As shown in Fig. 5A , both P/V-CPI Ϫ and P/V-CPI Ϫ -G3A induced syncytia formation by 24 h p.i., with P/V-CPI Ϫ -G3A syncytia being much larger than those caused by P/V-CPI Ϫ . The addition of IFN-neutralizing antibodies had no observable effect at 24 h p.i. By 48 to 72 h p.i. in untreated samples, cells that were incorporated into syncytia had died or detached from the dish, and only a small percentage of remaining cells expressed GFP. However, in samples that had been treated with neutralizing IFN antibodies, a much higher percentage of cells infected with P/V-CPI Ϫ and P/V-CPI Ϫ -G3A expressed GFP than in untreated samples. Increased CPE caused by P/V-CPI Ϫ and P/V-CPI Ϫ -G3A was also evident in cells treated with the neutralizing antibodies. Addition of a control neutralizing tumor necrosis factor alpha antibody to infected cells had no effect on viral spread (data not shown).
IFN-neutralizing antibodies in the medium also had a substantial effect on the growth of both mutant viruses at low MOIs in PC3 cells. This is evident in Fig. 5B , where the growth of P/V-CPI Ϫ and the G3A mutant is shown to be increased by ϳ1 log or greater at late times p.i. in the presence of IFNneutralizing antibodies compared to control samples. Interest- ingly, despite the increase in growth seen with the addition of IFN-neutralizing antibodies, titers for the hyperfusogenic mutant G3A were still lower than the titer of the P/V-CPI Ϫ virus plus neutralizing IFN antibodies. Taken together, these data indicate that even though P/V-CPI Ϫ -G3A demonstrated an increased fusion capability, its spread, growth, and CPE were still limited by IFN in the PC3 cell line. Furthermore, the replication of P/V-CPI Ϫ -G3A was defective in the PC3 cell line compared to P/V-CPI Ϫ , and this defect was at least in part independent of extracellular IFN.
The hyperfusogenic P/V-CPI ؊ -G3A is more cytopathic than P/V-CPI ؊ in two out of three prostate cancer cell lines tested. We hypothesized that the G3A F protein mutation that increases the fusogenic activity of P/V-CPI Ϫ would also increase the ability of the mutant virus to kill prostate tumor cells. To test this, LNCaP, DU145, or PC3 cells were mock infected or infected at increasing MOIs of 0.05, 1, and 10 with rSV5-GFP, P/V-CPI Ϫ , or P/V-CPI Ϫ -G3A, and cell viability was measured in 24-h increments by an MTS assay. In the LNCaP cell line (Fig. 6A) , both P/V-CPI Ϫ and P/V-CPI Ϫ -G3A caused a timeand MOI-dependent decrease in cell viability. At some time points and MOIs tested ( Fig. 6A , P/V-CPI Ϫ -G3A), there was a statistically significant decrease in cell viability for cells infected with the fusogenic G3A mutant compared to the parental P/V-CPI Ϫ virus. This difference was most apparent at 72 h at the MOI of 0.05, and 48 h at the MOIs of 1 and 10. With the DU145 cell line (Fig. 6B) , both P/V-CPI Ϫ and P/V-CPI Ϫ -G3A showed a drastic reduction in cell viability, with a reduction of greater than 75% in cell viability at all MOIs tested by 72 h p.i.
Similar to results with LNCaP cells, P/V-CPI
Ϫ -G3A-infected DU145 cells showed a decreased viability compared to P/V-CPI Ϫ at all MOIs tested. This difference was most readily apparent at 48 h p.i. at an MOI of 0.05 and at 24 h for the MOIs of 1 and 10 ( Fig. 6B , P/V-CPI Ϫ -G3A). As shown in Fig.  6C , IFN treatment of DU145 cells prevented loss of viability following infection with the two P/V mutants (compare with Fig. 6B ). This is consistent with DU145 cells responding to IFN (23) and with the conclusion that the hyperfusogenic P/V mutant retains sensitivity to IFN.
PC3 cells differed from the other cell lines, as shown in Fig.  6D , since neither P/V-CPI Ϫ nor P/V-CPI Ϫ -G3A virus was able to reduce cell viability below 50% at an MOI of 0.05. Both P/V-CPI Ϫ and P/V-CPI Ϫ -G3A reduced cell viability by at least 50% at MOIs of 1 and 10. Most importantly, in contrast to what was observed in LNCaP and DU145 cell lines, the fusogenic G3A mutant did not reduce cell viability to a greater extent than P/V-CPI Ϫ . Pretreatment of PC3 cells with 1,000 units of IFN prior to infection protected cells from loss of viability (data not shown).
The hyperfusogenic G3A mutant is more effective than the parental P/V mutant in reducing in vivo tumor burden in an LNCaP xenograft model system. Based on the above finding that the hyperfusogenic G3A mutant was more cytopathic than P/V-CPI Ϫ during in vitro infections of LNCaP cells, we hypothesized that P/V-CPI Ϫ -G3A would also be more effective at reducing LNCaP tumor burden in an in vivo xenograft model system. To test this, groups of male nude mice were implanted with LNCaP cells, and after tumors grew to a palpable size, they were injected intratumorally on day 0 and day 8 of the study with either PBS (n ϭ 8) or 10 8 PFU of purified P/V-CPI Ϫ (n ϭ 10) or P/V-CPI Ϫ -G3A (n ϭ 10). Mouse weight was measured every other day for 18 days. On day 18, mice were sacrificed, and tumors were removed and weighed. Figure 7A shows representative pictures of excised tumors from each experimental group. Nearly all tumors treated with the hyperfusogenic G3A mutant were smaller and lighter in color than the control PBS-treated tumors. Likewise, tumors treated with the parental P/V-CPI Ϫ mutant were smaller than control PBS-treated tumors, but the effect was less dramatic than that seen with the G3A mutant virus. This conclusion is supported by results shown in Fig. 7B , where the average final
FIG. 6. P/V-CPI
Ϫ -G3A is more cytopathic than P/V-CPI Ϫ in two out of three prostate cancer cell lines tested. Results of cell viability assays are shown. LNCaP, DU145, or PC3 cells were mock infected or infected at an MOI of 0.05, 1, or 10 with the indicated viruses, and cell viability was measured by MTS assay at 24-h increments. In panel C, DU145 cells were treated overnight with 1,000 units/ml of IFN, washed, and infected as described for the other panels. Data are expressed as a percentage of the value obtained with mock-infected cells and are representative of two or more independent experiments done in quadruplicate. An asterisk denotes values from the P/V-CPI Ϫ -G3A samples that are statistically significant (P Ͻ 0.05; Students t test) compared to the corresponding P/V-CPI Ϫ samples.
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on October 16, 2017 by guest http://jvi.asm.org/ tumor weight for the group treated with the hyperfusogenic P/V-CPI Ϫ -G3A mutant was significantly lower than the PBS (P ϭ 0.00023) and P/V-CPI Ϫ groups. During this study, it was observed that mice bearing LNCaP tumors lost weight over time, presumably due to negative effects of tumor burden. However, mice whose tumors were treated with the hyperfusogenic P/V-CPI Ϫ -G3A mutant, on average, did not lose weight during this study, and this average weight at day 18 was statistically significant (P Ͻ 0.001) compared to mice in the PBS and P/V-CPI Ϫ treatment groups that lost ϳ10% of their original body weight (Fig. 7C) . The weight loss observed in mice in the P/V-CPI Ϫ group was likely due to remaining tumor burden and was not a side effect of virus injection since intravenous injection of 10 8 PFU of P/V-CPI
into nude mice lacking tumors did not cause any weight decline over a 10-day time period (data not shown). Together, these data indicate that the hyperfusogenic G3A mutant is more effective than P/V-CPI Ϫ in reducing LNCaP tumor size and in preventing mouse weight loss associated with tumor burden.
To define the relative effectiveness of the two CPI Ϫ -based vectors in a second model system, male nude mice were implanted with DU145 prostate tumor cells, and tumors were allowed to grow to a palpable size. Mice were then injected intratumorally on days 0 and 8 with either PBS or 10 8 PFU of purified P/V-CPI Ϫ or P/V-CPI Ϫ -G3A (n ϭ 3 or 4). Tumor size and mouse weight were measured every other day for 20 days. As shown in Fig. 8 , PBS-treated tumors continued to rapidly increase in size out to day 16, when tumor volume had in- creased to ϳ250% that of day 0. In contrast, the sizes of tumors treated with either P/V-CPI Ϫ or P/V-CPI Ϫ -G3A appeared to plateau after initial treatment but did not further decrease after a second injection at day 8. By day 10, tumors treated with P/V-CPI Ϫ and P/V-CPI Ϫ -G3A appeared to increase slightly but then plateaued at ϳ120% of day 0 tumor volume. Two virus injections were required to obtain the results shown in Fig. 8 . These results support the conclusion that both of the P/V mutant vectors can limit increases in tumor burden in two model tumor systems. However, the increased effectiveness of the G3A mutant with LNCaP but not DU145 tumors suggests that the contribution of a hyperfusogenic F protein to tumor reduction may depend on the particular type of tumor being treated.
DISCUSSION
The goal of the work described here was to provide proof of principle that a cytopathic and hyperfusogenic P/V mutant of the paramyxovirus SV5 could serve as an oncolytic virus. In two tumor model systems, the cytopathic P/V mutants were effective at limiting tumor growth in vivo. In one system involving LNCaP tumor cells, the P/V mutant encoding a hyperfusogenic mutant F protein was more effective than the parental P/V mutant at reducing tumor burden. Importantly, in vitro experiments demonstrated that despite the enhanced ability to cause cell-cell fusion, the P/V-CPI Ϫ -G3A mutant was still sensitive to IFN. Together, the work described here establishes the potential for SV5-based oncolytic vectors and SV5 P/V mutants as backbones for the design of more effective therapeutic vectors.
We have shown that the noncytopathic SV5 can be engineered for controlled cell killing through the expression of the herpes virus TK gene (39) . Previous work compared the cellkilling potential of the rSV5-TK virus to WT rSV5, which is largely noncytopathic, and, thus, the effectiveness of rSV5-TK compared to inherently cytopathic viruses was not previously known. Here, we show using MTS-based viability assays that infection of Vero cells with the rSV5-TK virus did not reduce cell viability unless the culture was supplemented with GCV, as described previously (39) . However, the loss of viability in the presence of GCV was slower and less extensive than that seen with the cytopathic vectors based on CPI Ϫ substitutions in the P/V gene. While we have not tested the rSV5-TK virus in an animal model system, the results with Vero cells, which do not restrict virus spread, suggest that the P/V mutants would be more effective for tumor therapy than WT rSV5-TK in tumors containing IFN-defective cells.
In addition to inherent features of negative-strand RNA viruses as vectors (52), our SV5 P/V-CPI Ϫ mutants have a number of properties that could be exploited for further development as an oncolytic vector. First, SV5 P/V gene mutants have been shown to induce apoptosis in a wide range of human tumor cell lines (11, 54) , but virus spread in primary normal human prostate epithelial cells is highly restricted (53) . While we have not determined virus titers in tumors infected with the P/V mutants, we were able to detect viral antigen by immunohistochemistry in LNCaP tumors at the time of harvest (data not shown). The P/V-CPI Ϫ cytopathic properties appear to be a stable phenotype since the ability of P/V-CPI Ϫ to kill cells was not lost even after sequential passages at low MOIs in A549 cells (data not shown). Our recent work has shown that the cell-killing phenotype of P/V-CPI Ϫ can be suppressed by expression of either WT P or WT V protein (12) . While expression of the measles virus V protein is sufficient to block apoptosis induced by exogenous activators of p53-related pathways (8) , it remains to be seen if the SV5 P and V proteins are also direct inhibitors of apoptosis. A second desirable oncolytic property is that the P/V-CPI Ϫ mutant is defective in limiting at least two phases of IFN responses: P/V-CPI Ϫ is a potent inducer of IFN but also cannot block IFN signaling (54) . Thus, P/V-CPI Ϫ is restricted by IFN for growth in normal and immortalized human epithelial cells but not in a range of tumor cell lines (53) . This has been proposed to be a major factor in the efficacy of oncolytic viruses and in prevention of virus spread to normal cells (4) . Likewise, many RNA viruses that are defective in counteracting IFN responses are also defective for growth. By contrast, our P/V-CPI Ϫ mutant grows more effectively than WT SV5. Finally, our results in both mouse and ferret model systems indicate that intranasal infection with P/V-CPI Ϫ does not cause overt clinical symptoms, and infected animals have a low viral load that is cleared from the respiratory tract by 7 to 8 days p.i. with no obvious pathological effects (6) . When high doses of the P/V-CPI Ϫ mutant (10 8 PFU) were delivered intravenously, nude mice showed no adverse effect and did not lose weight (data not shown). While we have not evaluated systemic spread of the P/V mutants, these results suggest that the P/V-CPI Ϫ virus establishes acute infections with minimal side effects in these animals.
There is interest in exploiting properties of the paramyxovirus glycoproteins to increase cell-killing potential and the specificity of these viruses for tumor versus normal cells (19, 41) . Paramyxovirus F proteins have been used previously to enhance the efficacy of tumor cell killing (17, 24, 25) and can be engineered with cleavage sites for tumor-selective proteases (30, 47) . Here, we have extended this concept to test the hypothesis that expression of a mutant SV5 F protein with enhanced fusogenic properties would be an effective means to increase tumor cell killing. In the context of the cytopathic P/V-CPI Ϫ mutant, the G3A mutation resulted in a recombinant virus with increased capacity to generate cell-cell fusion, as predicted by previous work expressing SV5 F protein mutants from heterologous vectors (27) . The hyperfusogenic P/V-CPI Ϫ -G3A mutant grew to titers ϳ1 log below the titer of the parental P/V-CPI Ϫ in the majority of cell lines tested (data not shown); however, growth appeared unaffected in other cell lines. Why would a glycine-to-alanine mutation in the fusion peptide of the SV5 F protein lead to reduced virus yield? Using recombinant SV40 vectors, Horvath and Lamb (27) showed that processing, transport, and cell surface expression of a newly synthesized G3A mutant were similar but not identical to WT F protein. This suggests that the biosynthetic steps that lead to cell surface expression of the G3A F mutant are not likely to be a major factor in lower virus yields. The G3A mutation reduces the energy of activation needed for the SV5 F protein to be triggered to cause membrane fusion (44) . Thus, it is possible that there is premature triggering of F proteins on the surface of viral particles, which, in turn, reduces the infectivity of progeny virions. It is known that membrane lipid composition can affect the ability of SV5 to mediate fusion (43) , suggesting that alterations in the ability of the G3A mutant F to mediate entry may account for growth defects at low MOIs in some but not all cell lines tested. Most importantly for the purposes of evaluating SV5 as a safe oncolytic vector, the addition of a hyperfusogenic F protein did not increase SV5 growth properties and in most cases led to attenuated growth.
A potential danger of engineering a hyperfusogenic virus for oncolytic therapies is that virus spread may no longer show IFN-mediated restriction since spread via cell-cell fusion could, a priori, be less sensitive to IFN-induced antiviral responses than spread through the production of progeny virions. Here, we show that despite the increased ability of P/V-CPI Ϫ -G3A to cause CPE in a large number of cell lines, at low MOIs spread of P/V-CPI Ϫ -G3A and cell killing are still restricted by type I IFN. Unlike LNCaP cells, which are defective in IFN synthesis and signaling (Fig. 4) (13) , PC3 tumor cells have been shown to mount a strong IFN-induced antiviral response (1) , and this is capable of restricting the growth and spread of both the parental P/V-CPI Ϫ and hyperfusogenic G3A mutant at low MOIs. While neutralization of IFN increased viral titers during P/V-CPI Ϫ -G3A and P/V-CPI Ϫ infection by ϳ1 log at most time points examined, P/V-CPI Ϫ -G3A virus yields never reached the same level as P/V-CPI Ϫ . This result supports the hypothesis that the fusogenic P/V-CPI Ϫ -G3A will have an inherent defect in its viral life cycle in some cell types not observed with the parental P/V-CPI Ϫ . Our P/V-CPI Ϫ -based vectors induce IRF-3 activation (12), and it has been proposed that there are enhanced innate responses when new cells are recruited into growing syncytia (21) . Thus, spread of the G3A mutant could be restricted by mechanisms that are independent of IFN signaling but dependent on IRF-3 or other preexisting factors that are activated during fusion between infected and uninfected cells. Our results suggest that hyperfusogenic vectors should be constructed in the context of a virus that is defective in counteracting IFN responses in order to maintain a level of safety.
This work is the first report of the use of SV5 as an anticancer therapeutic agent. As part of our focus on a panel of human prostate cancer cell lines, we found that P/V-CPI Ϫ -G3A was more cytopathic than P/V-CPI Ϫ in vitro in LNCaP cells. Interestingly, there were also differences in the therapeutic efficacy of P/V-CPI Ϫ -G3A and P/V-CPI Ϫ in an in vivo LNCaP xenograft model system since mice treated with the fusogenic G3A mutant had consistently smaller tumors than those treated with PBS or P/V-CPI Ϫ . Additionally, while mice treated with PBS or P/V-CPI Ϫ lost ϳ10% of their initial body weight, those treated with P/V-CPI Ϫ -G3A maintained their original body weight and appeared much healthier throughout the time course of treatment, presumably due to the reduced tumor burden following treatment with the hyperfusogenic G3A mutant. P/V-CPI Ϫ -G3A exhibited a greater CPE than P/V-CPI Ϫ in vitro in the DU145 cell line. However, in an in vivo DU145 xenograft model, P/V-CPI Ϫ and P/V-CPI Ϫ -G3A showed similar abilities to delay tumor growth. Taken together, these data indicate that both P/V-CPI Ϫ and P/V-CPI Ϫ -G3A show promise as potential prostate cancer therapeutic agents but that P/V-CPI Ϫ -G3A may have an increased therapeutic effect compared to P/V-CPI Ϫ in some, but not all, tumor systems. It is currently unclear why P/V-CPI Ϫ -G3A was more effective at reducing LNCaP tumor burden than P/V-CPI Ϫ , but these two viruses showed similar efficacy at delaying DU145 tumor growth. Differences in lipid composition of DU145 cell membranes or the type of extracellular matrix formed around these cells in vivo could influence the ability of P/V-CPI Ϫ -G3A infection to cause syncytia formation in these cells (43) . An alternative explanation is that IFN signaling plays a role in the effectiveness of these two viruses in vivo. LNCaP cells are unresponsive to IFN due lack of Jak1 expression (13) . Within the LNCaP tumors, virus replication would not be inhibited, and this could lead to greater tumor killing due to enhanced cell fusion by the P/V-CPI Ϫ mutant. In contrast, DU145 cells respond to IFN (23) , and as shown in Fig. 6 , IFN limited spread of the two P/V mutants. Thus, the similarities between these two viruses in limiting DU145 tumor growth could be due to their inability to block IFN signaling from infected cells or from cells recruited to the site of infection.
The immune response to tumor cells infected with SV5 could influence the oncolytic potential of P/V-CPI Ϫ and P/V-CPI Ϫ -G3A (50) . In transfected tumor cells, fusogenic membrane glycoproteins are reported to cause necrotic cell death, which can be a highly immunostimulatory event (3, 22, 35) , and this could lead to recruitment of immune cells to the site of infected tumors. Thus, the SV5 G3A mutant could serve to promote fusion using other virus systems where immune recruitment could be an additional safety feature. We have recently shown that within a small population of human donors, very few individuals had high levels of antibodies that neutralized SV5 infectivity (29) . While we have not evaluated cellular immunity to SV5, it is possible that immunity prior to or following SV5 treatment could limit the effectiveness of our vectors. Alternatively, innate or adaptive anti-SV5 responses could provide a mechanism to stimulate the immune system to aid in clearance (35) .
